Reanalyzing a large methylome dataset of 225 schizophrenic and 450 control samples derived from the prefrontal cortex revealed that 6 male patients have predominantly hypomethylated probes mostly on chromosome X, affecting the same genes in all six. Network analysis of the differentially methylated genes revealed a dense network of transcription factors, histone and chromatin remodeling proteins, with 15 of the X-located genes expressed at the synapse, including NLGN4X, SYN1 and MECP2. Mapping a recent experimental dataset of G-quadruplexes (G4s) onto the differentially methylated probes revealed that the probes in the group of six overlapping with G4s on chromosome X are significantly more hypomethylated than nonoverlapping and non-X probes whereas in the rest of the patients G4-overlapping probes are more methylated than non-overlapping ones, revealing a distinct pathology, involving chromatin remodeling for the six patients. Unexpectedly, the hypomethylated genes in them significantly overlapped with gene locations where Xinactivation escapism was observed in women.
Introduction
Despite a large body of work and identification of more than 2000 genes implicated in schizophrenia, the exact cause of the disease has not been identified (1) . Several genome-wide studies of differentially methylated genes in schizophrenics identified gene sets that are hypomethylated in some patient cohorts but appear to be normal or hypermethylated in others. Wockner et al. (2) using a commercial chip identified two subsets of patients, each consisting of 6 individuals, whose prefrontal cortex regions are differentially methylated in the opposite direction when compared to each other, comprising more than 10 thousand genes. Several other methylome studies have been carried out in schizophrenics. Pidsley et al. (3) found that the most enriched/differentially methylated genes in schizophrenics are associated with developmentally important genes, thus indirectly confirming the long-suspected notion that schizophrenia-related changes may start in utero.
Interestingly, despite a significant number of genes on chromosome X related to cognition and brain development (4, 5) there is only limited information that connects schizophrenia to X chromosome genes (6) . In this study we reanalyzed a large set of methylomes acquired from the prefrontal cortex of 225 patient samples and 450 controls (7) . We clustered the patient sample profiles using the numbers of differentially methylated probes for each gene and identified a cluster of six male patients that have their differentially methylated probes predominantly on chromosome X, the majority of which have been hypomethylated. Comparing the differentially methylated probes to that of the controls identified a smaller set of genes that may account for the disease in these patients.
Our analysis also revealed that the predominantly hypomethylated probes in the X chromosome cluster patients significantly overlap with genomic (DNA-based) G-quadruplexes, identified by a recent genome-wide experimental study by Balasubramanian et al (8) . Comparing them to the rest of the patients in the Jaffe study (7) revealed that in those patients the genomic G-quadruplexes overlap mostly with hypermethylated probes, revealing a distinct pathology mechanism involving chromatin remodeling for the cluster of six patients.
Comparing the 68 genes with significant hypomethylation on chromosome X in the six patients with a list of 114 genes that tend to escape X-inactivation in women (9) revealed a significant overlap of 14 genes between the two sets, with even more genomic regions shared, raising the possibility that chromosome X-related chromatin remodeling contributes substantially to schizophrenia in a susceptible subset of patients.
Results
In the first step we calculated the mean methylation values and their variance for each probe in the total of 287 adult control samples in the Jaffe study (7) . We determined those probes in all the 225 patient samples that deviated from the control mean values by at least two standard deviations (Z-value >=2). We identified altogether 4883142 differentially methylated probes with an average number of 21703 differentially methylated probes per patient sample (all probe values deviating from the control means by at least 2 SDs are listed in Supplementary Table 1 ). Calculating the same for the controls resulted in 21822 probes per sample.
While the numbers are very similar for patients and controls, and the statistical significance for most of these probes does not reach genome-wide significance our goal at this step was the overall characterisation and clustering of patient profiles based on the similarities in methylation differences only, not the identification of driver genes with a clear-cut causative effect on schizophrenia.
Chromosome-wide methylation values
After counting the differential methylation values for each sample and each chromosome (Supplementary table 2) we noticed that some of the patient samples (e.g. Sample250) have their highest number of hypomethylated probes on chromosome X. After comparing all patient sample profiles with one another we identified seven patient samples whose chromosome-wise counts of hypo-and hypermethylated probes correlated strongly within the group (Pearson correlation mean: 0.937) but much less between the group members and the rest of the samples (Pearson correlation mean: 0.578). One of the 7 samples, Sample596 was flagged by the original authors (7) as it failed a simple quality control, having been predicted male based on the sex chromosome probes, despite being derived from a female sample, therefore we ignored the sample in further analysis.
Chromosome-wide methylation values in controls
Carrying out the same analysis of the differentially methylated probes in the controls (only the 287 adult control samples as the fetal samples showed vastly different methylation values as noted also by the authors in (7)) we found that two control samples (Sample273 and Sample506) also have the highest number of their hypomethylated probes on chromosome X. The chromosome-wise distribution of hypo-and hypermethylated probes in the two control samples on average correlated well with the cluster of 6 patients (r=0.89) but again much less with the rest of the patient samples (r=0.476).
Exploring gene methylation profile similarities with Exploration Graph Analysis
To explore the methylation similarities gene-wise among the patients and controls we used a new method called EGA, Exploration Graph Analysis (10) . EGA takes in an array of values for several samples and establishes the similarities among the samples by grouping them into a number of clusters.
Ranking both the patient and control samples for the hypomethylated probes on chromosome X, we selected the top 50 patient and top 30 control samples, containing both the cluster of six patient and the two control samples as outlined above. Using EGA for the hypomethylated probe counts of genes for these 80 samples resulted in seven groups (Fig 1) . The green group consists of cluster 6 members and the two controls, clearly separated from the rest of the samples. We also attempted to reconstruct the clusters of samples with EGA using only a reduced number of genes, using their counts of hypomethylated probes in the 50+30 (patient + control) samples. While using only chromosome X-coded genes did not recapture the same 6 patients +2 controls cluster, adding chromosome 1coded genes ( Supplementary Figure 1 ) resulted in the same grouping for the 6+2 cluster as the genome-wide probes in Figure 1 .
G-quadruplexes affect methylation differently in the cluster of six
In the next step we analyzed the differentially methylated probes in the cluster of six patients and two controls with relation to their overlap with G-quadruplexes. We used the G-quadruplex definitions established by Balasubramanian et al (8) downloaded from the Gene Expression Omnibus at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63874 and identified the probes on the Illumina chip that overlap with any of the G-quadruplexes in ref. (8) using the intersect function of bedtools. Figure 2 shows a boxplot statistics of the methylation of the CpG probes for G4-overlapping and G4-non-overlapping probes, separately for the six patients and the rest of them, and also for each group the chromosome X-located probes and the rest of the probes (boxes A to H). Boxes I to P show the values for the controls, again separating the two controls (Sample273 and Sample506) with the hypomethylated X-chromosomes from the rest of the controls.
Figure 2. Boxplot statistics of mean methylation values for G4-overlapping (columns E to H and M to P) and nonoverlapping CpG probes for patients (columns A to H) and controls (columns I to P). Patient columns: A & B: G4-nonoverlapping, non-cluster 6, non-chromosome X and chromosome X probes, respectively; C & D: G4-non-overlapping, cluster 6, non-chrX and chrX probes, respectively; E & F: G4-overlapping, non-cluster 6, non-chrX and chrX probes, respectively; G & H: G4-overlapping, cluster 6, non-chrX and chrX probes, respectively. Columns I to P designations are the same as for A to H, but for the control samples. For the controls the cluster 6 is replaced with the two outlier controls, Samples 273 and 506.
We used Student's t test to determine if any two sets of probes are statistically different. Chromosome X probes in the cluster 6 patients are apparently the most hypomethylated, the G4-overlapping probes being more hypomethylated (box H, mean: -2.815) than the non-G4-overlapping ones (box D, mean: -2.482, p-value=1.9e-12). This is in contrast with the rest of the patients where the G4-overlapping chromosome X-located probes (box F, mean: 0.219) are significantly more methylated than the non-overlapping probes (box B, mean: -0.728, p-value =0). The G4 non-overlapping probes in cluster 6 are also significantly more hypomethylated on chromosome X (box D, mean: -2.482) than the non-overlapping non-X probes (box C, mean: -0.087, p-value=0). The most striking difference is for the G4-overlapping probes in cluster 6 between chromosome X (box H, mean: -2.815) and non-X probes (box G, mean: 0.498, p-value=0). This is in stark contrast with the rest of the samples where there is no difference between the G4-overlapping X-probes (box E, mean: 0.266) and G4-overlapping non-X probes (box F, mean: 0.219). Finally, it is notable that for the cluster 6 patients the G4-overlapping non-X probes (box G, mean: 0.498) are significantly more methylated than the non-overlapping non-X probes (box C, mean: -0.087, p-value=2e-06), similarly to the non-cluster 6 patients (G4-overlapping, non-X: box E, mean: 0.266 vs. non-overlapping, non-X: box A, mean: -0.274, p-value=0.00037).
We repeated the calculations for the control samples, again handling the two controls with cluster 6-like behavior separately from the rest (values shown in boxes I to P in Figure 2 ). The overall values are similar in most cases, however there is a significant difference between cluster 6 of patients (columns 4, mean: -2.482) and the two outlier controls for the chromosome X probes (column 12, mean: -1.518) between the nonoverlapping probes (p-val=0.002) but no significant difference for the G4-overlapping probes for chromosome X (columns 8 & 16, mean values: -2.815 & -1.719, p-value=0.14).
Specific genes distinguishing the 6 patients from the controls
To pinpoint specific genes that distinguish the six patients from the controls we took into account only those probes that differ by at least 3 standard deviations (3 SDs) from the mean values derived from the controls.
After counting the differentially methylated probes using the 3 SD threshold for each gene and each sample we ran a t-test for each gene between the individual counts for the 6 patients and the controls (after removing the two outlier controls). We also calculated the mean person-wise counts for the cluster of six and the controls. Table 1 shows the results, listing the 82 genes with p-value<0.05 for the t-test and the relative person-wise probe counts >5, i.e. in cluster 6 the gene in question has at least 5 times more probes per person on average than in the controls. Fig 3) play a role in DNA-templated transcription. Three genes, HDAC6, ZBTB33 and MECP2 are related to histone deacetylation (4, 11, 12) , KDM6A is a histone demethylase (13), while UXT is involved in chromosome remodeling (5) . Two genes, ZBTB33 and MECP2 bind methylated CpG dinucleotides in chromosomal DNA (14, 15) . In addition, ZBTB33 promotes the formation of repressive chromatin structures (16) . MECP2 is also the key gene in Rett syndrome (17) . Altogether these genes clearly indicate a dysfunctional transcriptional regulation, involving chromatin remodeling and abnormal methylation, the latter to be a well-known hallmark of schizophrenia. 
Synaptic genes
The list also contains SYN1, synapsin I, a synaptic vesicle associated phosphoprotein, involved in the fine regulation of neurotransmitter release (19) . According to Genecards (20) , there are four more synaptic genes in our list: DLG3, MECP2, NLGN4X and TSPYL2 (21) (22) (23) (24) . As schizophrenia is called the disease of the synapse (25) , this finding warranted a more in-depth analysis. In a recent work Piton et al collected and resequenced all X-chromosome synaptic genes (26) . After filtering our results with their list, we found that 15 genes, 1/5 th of those listed in Table 1 are synaptic genes.
Seven of the synaptic genes (DLG3, MECP2, KAL1, SYN1, ARHGAP4, NLGN4X and AR) are listed by Genecards as schizophrenia-related (27) (28) (29) (30) (31) (32) (33) . DLG3 is critical for synaptogenesis and required for learning most likely through its role in synaptic plasticity (34) . Piton et al. found that MECP2, the main Rett syndrome gene, showed an accumulation of non-synonymous rare variants in schizophrenics (26) . KAL1 is the Kallmansyndrome gene (35) , its relation to schizophrenia is so far largely hypothetical, based on a single patient with dual pathologies (29) . ARHGAP4, the Rho GTPase Activating Protein 4 has been found to be associated with schizophrenia in the Han Chinese population (31) . Interestingly the gene is in close proximity of MECP2, both located on chromosome Xq28 (31).
One of the synaptic genes with the most hypomethylated probes is NLGN4X, a neuroligin and synaptic celladhesion molecule that connects presynaptic and postsynaptic neurons at synapses (23) . While it has more known association with autism (36) than with schizophrenia, a recent large-scale study by the Psychiatric Genomics Consortium identified the region as being one of 108 loci with highest numbers of mutations in schizophrenics (37) . It is also a "hub" gene, having a very high number of, 3960, interacting partners in the brain (38) , as is true of many of the synaptic genes (37, 38) . NLGN4X has more than 20 times more interacting partners than the 2 nd highest ranking gene, MECP2 in Table 1 , with 178 interacting partners.
Chromatin remodeling in the cluster of six
The most striking feature in the six patient samples is the remarkably similar profile of hypomethylated genes on chromosome X. Another characteristic is the apparently high occurrence of hypomethylated genes with functions leading to chromatin remodeling as 13 out of the 86 genes in our list of differentially methylated genes in the six patients are annotated with chromatin remodeling by Genecards (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) . Many of the affected genes in Table1 show the hallmarks of chromatin regulation/remodeling, such as MECP2, HDAC6, a histone deacetylase and KDM6A, a histone demethylase. Sex hormone receptors (AR & PGR) are also known to influence chromatin remodeling by binding to chromatin (50, 51) .
Several more genes in our list in Table 1 have chromatin remodeling functions, either directly recognized, such as for MED14, mediator complex subunit 14 (52) , UXT, ubiquitously expressed prefoldin-like chaperone (40) or by association in proteomics studies, such as IRS4, insulin receptor substrate 4, RBMX, RNA binding motif protein, X-linked and USP9X, Ubiquitin Specific Peptidase 9, X-Linked (49) . EEF1A1, elongation factor 1 alpha subunit and ATP5A1, a mitochondrial ATP synthase were linked to chromatin remodeling by an RNA interference screen (48) .
Further evidence for chromatin remodeling on chromosome X of the 6 patients is provided by the high level of hypomethylation for probes overlapping experimentally verified G-quadruplexes on their X chromosomes whereas the opposite trend is observed for the rest of the patients and the rest of the chromosomes. As noted by others, G-quadruplexes may serve as genome regulators by playing a role in chromatin remodeling (53, 54) .
Genes overlapping with X-inactivation escape regions
We also compared our list of hypomethylated genes with a recent compendium of 114 genes for which the authors found experimental evidence that these genes tend to escape X-chromosome inactivation in women (9) . Unexpectedly, 14 of the 68 chromosome X-located genes in our list in Table 1 are also listed in their compendium as X-escapee genes (Figure 4) . What is more, most of the 68 genes are in the same broadly defined genomic regions outlined in (9) . As noted by the authors, there is heterogeneity in escape between the studied European and Yoruban populations regarding the affected genes but there is a consensus for the genomic locations for the two groups. In Fig 4 where we showed the distributions of their 114 and our 66 genes, respectively, there is an overall consensus between the two groups of genes, with a Pearson correlation of 0.532 (p-value= 0.00041) for the gene occurrences in the 41 bins that we used to represent the layout of the two gene sets. 
Comparing cluster 6 with two outlier controls
As two controls behave similarly to our cluster 6 samples, the question arises if we can distinguish the two groups based on the methylation values. We used another t-test when we compared the individual counts for each hypomethylated gene for the cluster 6 patients against the counts for the two controls. However, the result was significant only for 18 genes out of the 82 in Table1 (indicated in bold).
In the next step we compared the hypermethylated probes against both the two outlier controls and the rest of the controls, using again Student's t-test. This gave a more consistent result (Table 2) as we found 9 genes (out of a total of 11 genes in the two comparisons) that were significantly more hypermethylated in cluster 6 in both comparisons. These genes have been incorporated already in Fig 3. Interestingly, two hypermethylated genes have protein-protein interactions with hypomethylated genes, such as ATP5A1, a mitochondrial ATP synthase also implicated in schizophrenia (55) , which interacts with CTPS2, CTP synthase 2 and WIBG, a key regulator of the exon junction complex (56) , which interacts with KDM6A. The antagonistic methylation differences for these two pairs raises the possibility that they have genetic, rather than protein-protein interactions. We also observed an extremely hypermethylated single probe (cg00470565) in 4 of the 6 samples in our cluster, on chromosome 22 (Fig 5) deviating from the control mean by more than 9 SDs in all four of them. While the region is quite gene-rich, there is no gene annotation for this CpG probe. However, locating the probe in the UCSC genome browser (hg19, Fig 5) shows that it lies between an evolutionary highly conserved region and an open chromatin region with a high number of transcription factor binding sites. 
Discussion
In this work we analyzed a recent large-scale methylome study of schizophrenics and controls where the authors queried the full methylome of 225 patient and 287 adult control samples taken from the prefrontal cortex, the brain region most implicated in schizophrenia.
We identified six male patient samples with a distinct methylation profile where the most differentially methylated probes were identified on chromosome X, most of which have been hypomethylated. We also identified two controls (one of them a female) with profiles very similar to the cluster of 6 but with less extreme hypomethylation values. While this chromosome X behavior may not necessarily lead to schizophrenia, it apparently predisposes the person to it, as the frequency ratio between schizophrenic and control population is more than 10:1 in males (restricting the calculations to adult males in the cohort in (7): 6 out of 119 patients vs. 1 out of 208 controls = 10.49).
Chromatin remodeling has been observed previously in neurodevelopmental and intellectual disorders (57), including schizophrenia (28), however it usually implicates one of four protein complex families as described in (58) , none of which appears in our list of genes. However, the consistent hypomethylation of 68 X-coded genes in Table 1 in the six patient samples clearly indicates a pervasive chromatin remodeling of the X chromosome, apparently involving a new mechanism and new genes, different from the previously described ATPase-dependent chromatin remodelers (57) .
The most unexpected result in our study is the apparent overlap (14 genes) between the hypomethylated genes in the six schizophrenic males and those that escape X-inactivation in women. As noted by Peeters et al. (59) X-inactivation has long served as a paradigm for heterochromatin formation, therefore the abnormal hypomethylation in the six schizophrenics is a further confirmation of chromatin remodeling in their X chromosomes. It shows that the same mechanism that lets the genes escape X-inactivation by unwinding the packaging of chromosome X in women makes it possible for these genes or genomic regions to escape epigenetic control in men, apparently leading or predisposing to schizophrenia.
X chromosome inactivation (XCI), a dosage compensation process in female mammals has been extensively studied in the last 50 years but still is not completely understood (60) . The main factor is XIST, a long noncoding RNA that gradually coats and thus inactivates one of the two X chromosomes in females (59) . It is known that about 15% of X-coded genes escape inactivation, which, however, vary both between and within species (9) but also share some common genes between human and mouse (59) , some of which also appear in our list of hypomethylated genes (e.g. DDX3X and KDM6A). The exact cause of the escape from inactivation for these genes is not known but XIST has an antagonistic long noncoding RNA, TSIX, which raises the possibility that an escape from inactivation is also facilitated in part by long noncoding RNAs. We have the long noncoding RNA MGC16121/MIR503HG/H19X in our list, one of the most extensively hypomethylated genes in the six patients, which may have some role in the escape process. The gene was named H19X by Necsulea et al. (61) because it was co-expressed with H19, a conserved, maternally imprinted lncRNA (62) highly expressed in the brain. Several other lncRNAs have been suggested to play a role in X-inactivation and contribute to disease.
While we did not detect any aberrant methylation patterns in the six patients for the remodeling protein complexes mentioned above, we did find that X chromosome probes overlapping with G-quadruplexes (experimentally verified in (8)) are extremely hypomethylated in them whereas in other chromosomes in the same (as well as other) patients such probes tend to be more methylated than non-overlapping ones. This observation raises the possibility that chromatin remodeling in these patients is facilitated by these Gquadruplexes, acting perhaps as a molecular switch between euchromatin and heterochromatin. It has been recently observed that G-quadruplexes do play a role in the regulatory functions of chromatin (63) .
As we also observed this phenomenon in two controls it raises the possibility that X chromosome remodeling may play a role in other diseases/syndrome especially when there is an observed difference between males and females such as autism, where the male: female occurrence ratio is about 3 (64) . As we also observed the same X-related hypomethylation pattern in a female patient sample (but excluded it from further analysis as it did not pass quality threshold in the original publication), the possibility that the described X chromosome remodeling may cause schizophrenia also in women cannot be excluded.
Methods
We downloaded methylation data accompanying ref. (7) from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74193. It contains methylation values of the Illumina 450K commercial chip querying 480 thousands locations across the human genome in the frontal cortex of 225 schizophrenic and 450 control samples. After removing samples with less than 17 years of age at the time of death we calculated statistics (mean, standard deviation (SD)) for the remaining 287 control samples for each of the 450k probes using an in-house Perl script (wherever not mentioned explicitly, we used such Perl scripts that are available from the authors).
Clustering patients based on their hypo-and hypermethylated probe counts
We counted the differentially methylated probes for each chromosome for each patient and each adult control and compared the chromosome-wise profiles with one another calculating the Pearson correlation of the chromosome-wise counts, separately for the hypomethylated and hypermethylated probes (using the 2 SD thresholds to delineate the differentially methylated probes). We calculated Pearson correlations for every pair of samples of the 287 adult controls and the 225 patients using the chromosome-wise profiles of hypomethylated and hypermethylated probes using the 2SD thresholds.
We also counted the gene-wise differentially methylated probes for each sample. We took the 50 most hypomethylated patient samples (with the highest number of hypomethylated probes using the 2SD thresholds) and the 30 most hypomethylated control samples and generated clusters among them using Exploration Graph Analysis (EGA). EGA takes in an array of values for several samples and establishes the similarities among the samples by grouping them into a number of clusters. It is incorporated in R and Rstudio (10) .
Determining G-quadruplexes overlapping with hypomethylated probes
We used the G-quadruplex definitions established by Balasubramanian et al. (8) downloaded from https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63874 and identified the probes on the Illumina 450K commercial chip that overlap with any of the G-quadruplexes in (8) using the intersect function of bedtools (39) .
For Figure 2 we used the appropriate Boxplot R function.
